. Ground-dwelling collembolans in rice Þelds during the postharvest seasons were abundant, whereas community densities varied considerably between the two locations and among the three seasons. A total of 67,310 collembolans, representing three species, Entomobrya griseoolivata, Hypogastrura matura, and Bourletiella christianseni, were captured during the three postharvest seasons. E. griseoolivata was the predominant species, accounting for 87.7% of the total captures, followed by H. matura (10.7%) and B. christianseni (1.6%). In general, there were no signiÞcant differences in species compositions and abundances of each species between Bt and non-Bt paddy Þelds, suggesting no signiÞcantly impact of plant residues of Cry1Ab rice on collembolan communities during postharvest seasons.
In the rice ecosystem, ground-dwelling collembolan species living on the ground under wetter conditions are typiÞed by the Entomobryidae, Sminthuridae, and Hypogastruridae families. These predominant collembolans are common and abundant (Schoenly et al. 1998 , Bai et al. 2006a . Collembolans are generally detritivores or microbivores. In rice ecosystems, collembolans play an important role in decomposition of plant litters and microorganisms (Takeda 1995 , Rusek 1998 . Collembolans are also an important prey source for polyphagous predators and thus support the secondary consumers in rice ecosystems, especially at times when herbivore populations are low (Schoenly et al. 1998 , Bai et al. 2005 , Zhao et al. 2007 . At the earlier stages of a crop season, the subcommunity of predators in rice ecosystems usually increases faster than that of herbivorous insects and thus predators rely mainly on consuming detritivores (e.g., collembolans) as prey in the early season (Guo et al. 1995 , Sigsgaard 2002 . Collembolan species are, therefore, of crucial importance for the effective natural control of rice arthropod pests. In addition, abundance and structure of collembolan communities are also often used as indicators in analyzing water pollution and disturbance of agroecosystems (Endlweber et al. 2006 , Fountain et al. 2007 .
Rice is the most important staple crop in China, accounting for more than one fourth of the worldÕs total rice production. Rice stem borers, Chilo suppressalis Walker (Lepidoptera: Pyralidae) and Scirpophaga incertulas (Walker) (Lepidoptera: Pyralidae), and leaf roller, Cnaphalocrocis medinalis (Gü ené e) (Lepidoptera: Crambidae), are the key rice pests in most areas in China. Currently, chemical control is the primary method for managing these devastative rice pests in the country. Studies have shown that Þeld performance of transgenic rice producing Bacillus thuringiensis (Bt) protein (e.g., Cry1Ab) is excellent for controlling the rice stem borers and leaf rollers. Bt rice is considered to have a great potential for managing these economically important lepidopteran rice pests and thus could greatly reduce the use of chemical insecticides in China (Cheng et al. 1998; Shu et al. 2000; Ye et al. 2001 Ye et al. , 2003 Huang et al. 2005) . Because of the great potential economic, environmental, and social beneÞts by planting Bt rice in China, it is exThis paper reports research results only. Mention of a proprietarypected that Bt rice will be commercialized in China in the near future (James 2008) .
However, use of Bt rice for managing insect pests has sparked intensive debates worldwide regarding its biosafety in agroecosystems (Bai et al. 2006b , Heong et al. 2005 , Qiu 2008 ). Expression of Cry proteins in Bt rice is driven by a constitutive promoter that allows such proteins to be produced throughout the entire crop growth stage and whole plant tissue (Wu et al. 2002 , Saxena et al. 2004 ). Previous studies indicated that Cry1Ab and Cry1Ac toxins from Bt rice plant tissues could persist in paddy Þelds for a long period of time (Bai et al. 2004 , Li et al. 2007 ). These Cry proteins could accumulate further in the soil by binding to soil particles and remain biologically active (Crecchio and Stotzky 1998, Saxena and Stotzky 2001b) . Bai et al. (2005) reported that Entomobrya griseoolivata (Entomobryidae) could contact Cry1Ab toxin from Bt rice plant residues after harvest and suggested Bt rice has a potential to harm grounddwelling collembolans. In addition, studies have shown that transgenic Bt corn plants has a higher lignin content than non-Bt plants and thus Bt plants could decompose slower than non-Bt plants Stotzky 2001a, Zwahlen et al. 2007 ). Grounddwelling collembolans act as decomposers of rice stubble and other plant residues in postharvest paddy Þelds, and differences in plant structure of Bt plants may have ecological implications on these detritivores.
Traditionally, Chinese rice farmers used to harvest rice straws (stems with leaves) for hay or as cooking fuel when harvesting rice. During the last decade, China has implemented a "rice straw returning-toÞeld" cultivation practice for increasing organic matter contents in rice Þelds. For this practice, rice straw is left on the soil surface of rice Þelds at harvest and carried over to the following crop as decaying rice litter. At the same time, with increases in labor costs, Chinese rice growers also are no longer willing to harvest rice straws. The "rice straw returning-to-Þeld" cultivation practice raises even more concerns about the potential risks of Bt rice to agroecosystems for commercialization of Bt rice in China. In this study, we evaluated the effects of Bt rice residues on nontarget ground-dwelling collembolan communities during three postharvest seasons in Chongqing, a major rice planting area in southwest China.
Materials and Methods
Sources of Bt and Non-Bt Rice Lines. Two Bt rice and one non-Bt rice lines were used in the Þeld experiments. The two Bt lines used in study were Kemingdao 1 (Bt-1) and Kemingdao 2 (Bt-2), which were derived from a Chinese commercial japonica rice variety Xiushui 11 (non-Bt). A synthetic Bt-Cry1Ab gene was transformed into the two Bt rice lines by Agrobacterium infection. Both Bt-1 and Bt-2 were homozygous, containing the Cry1Ab gene under the control of a maize ubiquitin promoter (Cheng et al. 1998 ). Field studies have also shown that the two Bt lines are highly effective against eight major lepidopteran pests under Þeld conditions in China (Shu et al. 2000; Ye et al. 2001 Ye et al. , 2003 Impact of plant residues of Bt rice on collembolans was evaluated using Þeld plot trials in a randomized complete block design with three treatments (Bt-1, Bt-2, and non-Bt lines). Plot size was 20 m by 20 m for the trials in Xiaomotan and 20 m by 15 m for the trials in Pingqiao. There was a 50-cm-wide unplanted walkway between plots as buffer zones to minimize any treatment effects on collembolans in neighboring plots. There were three replications for each treatment.
In each year, 30-d-old rice seedlings were manually transplanted during June or July with one seedling per hill 20 by 20 cm apart between hills. Fertilization and irrigation were applied using the same procedures as the other rice Þelds in the area. No insecticides were used in any of the trials. After harvest, rice straws (leaves and stems) were scattered uniformly on the corresponding plots but not buried into the soil. To minimize the effects of other vegetation, all other plants within the trial plots were manually removed following a predetermined schedule. In addition, the entire Þeld experiments were enclosed using plastic nets to prevent animal trampling. No irrigation was applied in the experimental Þelds during the postharvest seasons.
Measurement of Soil Temperatures and Water Contents. Soil temperatures and water contents in paddy Þelds are important environmental factors that can inßuence the occurrence and species composition of collembolans during postharvest periods. Drought and warm weather conditions during crop seasons could reduce abundance and species diversity of collembolan community (Lindberg and Bengtsson 2005, Jucevič a and Melecis 2006) . To understand the effects of temperatures on the collembolan community, air temperatures within 0 Ð 0.5 m above soil surface and soil temperatures between 0 and 5 cm under the soil surface were recorded using waterproof thermometers (Delta Trak, Pleasanton, CA). The temperature measurements were conducted in the Þeld plots from September to April of each postharvest season. Temperatures were recorded every 2Ð3 d between 0800 and 0900 hours.
In addition, soil water contents at 5 cm under soil surface were determined at three randomly selected sites for each plot using the method described in Gardner (1986) . Soil samples were Þrst dried with a stove at 105ЊC for 12 h. Water content (%) in a soil sample was calculated using the formula: water content (%) ϭ (W fresh weight Ϫ W dry weight )/W dry weight ϫ 100%. Soil water contents were determined every 7Ð 8 d during each postharvest season.
Collembolan Sampling. Two sampling methods, pitfall and litterbag trappings, were used to sample collembolans in postharvest rice Þelds. Both sampling methods were used for the trials in Xiaomotan during 2005/2006 and 2006/2007 , whereas only litterbag trapping was used for the trial in Pingqiao during 2007/ 2008. Pitfall traps used in the sampling were made with 480-ml clear glass cups (6.5 cm diameter, 14.5 cm long). Collembolan species as an important source of prey for polyphagous predators usually inhabit on the soil surface. To maximize capture capability, the traps were buried into soil such that its openings were at the same level with the soil surface. Pitfall traps were placed in the Þelds 1 d after rice was harvested. A liquid solution (Ϸ100 ml) containing water plus 5% formaldehyde was used to capture the trapped collembolans (Pekar 2002 ). There were 16 pitfall traps per plot, place 5 m apart. Pitfall traps were Þrst checked 3 d after placement with a 7-to 10-d interval thereafter. Field samplings were brought to the laboratory for identifying species and recording the number of individuals of each species. New traps were placed at the same locations after the previous traps were removed. In samplings with litterbag traps, fresh leaves and stems were collected each year immediately after harvest. The rice litter collections were conducted during November 2005 and October 2006 and 2007. Litterbag traps (rectangular shape with 22 cm long and 15 cm width) were constructed using white nylon window screen (2-mm mesh). Thirty grams of mixtures of fresh leaves and stems (1:1 with Ϸ8 cm long) from one of the three rice lines was put into each litterbag. Litterbag traps containing rice litters were placed back to the corresponding Þeld plots from which the litters were collected. Litterbag traps were placed on the soil surface in uniform manners. A total of 420, 330, and 450 litterbag traps were used for the three trials at Xiaomotan and 2007 . Samplings were started for each trial on the Þrst day when the litterbag traps were placed in the Þelds, and a total of Þve sampling times were performed for each trial with 3-to 8-wk intervals between samplings. In each sampling time, 15Ð30 litterbag traps were randomly selected from each plot. To prevent escape of collembolan, Þeld-collected litterbag traps were immediately placed into plastic bags and brought to the laboratory for collembolan collections. Collembolans in the litterbag traps were removed from samples using the modiÞed Tü llgren funnels as described in Bitzer et al. (2005) . Collembolan species were indentiÞed, and number of collembolans of each species was recorded.
Data Analysis. Number of collembolans for a species captured by pitfall traps or litterbag traps at each sampling time and the average captures per trap throughout a postharvest season were transformed with ͌ (x ϩ 1). The transformed data were analyzed using one-way analysis of variance (ANOVA) with repeated measurements. TukeyÕs honestly signiÞcant difference (HSD) tests were used to determine differences among the three rice lines at the signiÞcant level of ␣ ϭ 0.05. In addition, 2 analyses were conducted to determine differences for population structures of the collembolan community among the three rice lines at the level of ␣ ϭ 0.05. Statistical analyses were performed with SPSS Statistical Software (SPSS 2002).
Results

Soil Temperatures and Water Contents.
Air and soil temperatures in the rice paddy Þelds were closely related and followed similar patterns during the postharvest seasons (Fig. 1) . Temperatures during the three seasons ßuctuated from 4.8 to 26.8ЊC, with an average of 13.0ЊC for air temperatures, and from 4.4 to 26.4ЊC with an average of 13.1ЊC for soil temperatures. Soil water contents were also varied between rainfall intervals and usually higher during rainfall and ranged from 53 to 72%, with an average of 61.4% during the three postharvest seasons (Fig. 2) . Our recordings showed that climate conditions in the trial areas were normal with plenty of rainfall and relatively warm temperatures that were always above the freezing level during the three postharvest seasons. The threeseason monitoring suggested that the climate conditions in the trial areas were suitable for ground-dwelling collembolan occurrence. During sampling, we observed that collembolans were active on the soil surface throughout the postharvest seasons.
Abundance and Species Composition of Collembolans in Postharvest Periods. A total of 67,310 collembolans were captured and identiÞed at the species level during the three postharvest seasons (Table 1) The collembolans collected from the rice Þelds represented three species: Entomobrya griseoolivata (Packard) (Collembola: Entomobryidae), Hypogastrura matura Folsom (Collembola: Hypogastruridae), and Bourletiella christianseni Snider (Collembola: Sminthuridae). E. griseoolivata was the predominant species for all samplings, accounting for 87.7% of the total captures, followed by H. matura (10.7%) and B. christianseni (1.6%). One-way ANOVA showed that E. griseoolivata densities based on the total captures with pitfall traps at the Xiaomotan trials were not signiÞcantly different among the three rice lines for both postharvest seasons (F ϭ 1.54; df ϭ 2,1029; P ϭ 0. Table 2 ). 2 analyses also showed that the proportions of E. griseoolivata in total captures were similar (P Ͼ 0.05) among the three rice lines for the two postharvest seasons (Table 3) .
Litterbag Trap Samples. Over the three postharvest seasons, a total of 45,838 ground-dwelling collembolans were captured by litterbag traps (Table 1) . These collembolans belonged to the same three species as those captured with the pitfall traps. For both Bt and non-Bt lines, E. griseoolivata was the predominant species, accounting for 84% of the total captures, followed by H. matura, accounting for 16%, and B. christianseni for Ͻ1%. The total captures of H. matura in the Pingqiao trial during 2007/2008 were much greater than those sampled in any other trials (Table 1) . Sampling data for B. christianseni were not included in the statistical analysis because of the small number of captures for this species. As observed in the pitfall trap samplings, litterbag trap captures also showed that population dynamics of E. griseoolivata or H. matura were similar among the three rice lines across the three seasons (Figs. 4Ð 6) . In general, the number of collembolans captured at a speciÞc sampling date was not signiÞcantly different among the three rice lines for the two species with few exceptions. ANOVA also showed that the captures per litterbag trap for each of the two species were not signiÞcantly different among the three rice lines across the three seasons (F Ͻ 3.01; df ϭ 2,308 Ð 417; P Ͼ 0.05; Table 4 ).
2 analysis also suggested that proportion of each species was not signiÞcantly different (P Ͼ 0.05) among the three rice lines across the three postharvest seasons (Table 5) .
Discussion
It is essential to use appropriate sampling techniques in assessing impact of Bt rice on nontarget organisms. Our previous studies showed that the three collembolan species captured in this study primarily inhabit the rice litter layer above the soil surface (Bai et al. 2006a ). To achieve a high sampling accuracy, two sampling methods, pitfall and litterbag traps, were used in this study.
Litterbag trapping is the most popular method used in studying population dynamics and community structure of collembolans (Takeda 1995 , Al-Deeb et al. 2003 , Zwahlen et al. 2007 ). This sampling method has also been used in the study of decomposition function of invertebrates and microbes (Hasegawa and Takeda 1995) . Pitfall trap sampling is also a commonly used method for sampling above-ground and surface-active arthropods in many Þeld crop ecosystems (Rose and Dively 2007) . Data from our study showed that there were considerable differences in the total captures of collembolans between the two sampling methods (Table 1). However, the relative abundance of the collembolan communities based on trapping data are very similar and consistent for the two sampling methods across the three rice lines and the two seasons (2005/2006 and 2006/2007) for the trials in Xiaomotao, where both pitfall and litterbag traps were used. This similar sampling result suggests that both sampling methods are appropriate for surveying collembolan communities in postharvest rice Þelds. Multiple sampling methods have also been used in several previous studies in determining impact of Bt crops on nontarget organisms (Chen et al. 2006) .
Our sampling data showed that individual numbers of collembolans in rice paddy Þelds were abundant during postharvest periods. However, species diversity of collembolan communities appeared to be low in the trial area. In this study, only three species were observed in a total of 67,310 collembolans sampled during the three seasons. Before this study, information on collembolan community in paddy Þelds was basically unknown in China. A few studies mainly focused on collembolan abundance as it related to predator survival. This study indicated that the number of epiedaphic or soil surface collembolan species of the Þelds during the postharvest seasons was less than those reported in dry crop Þelds. The reasons of the species number difference in the two agroecosystems may be mainly from the great changes of agricultural practices and environmental factors, e.g., Þeld irrigation, soil texture, and soil humidity. Sampling data of this study showed that there were generally no signiÞcantly differences in species structures and abundance of collembolan communities between Bt and non-Bt rice plots during the postharvest seasons. Our previous studies in semiÞeld conditions also indicated that there were no short-term adverse effects of Bt rice on ground-dwelling collembolans during the rice growing stage (Bai et al. 2005 (Bai et al. , 2006a . Results of this study and past studies strongly suggest that plant residues of Cry1Ab rice have no signiÞcantly impact on collembolan communities in the rice paddy Þelds.
Impacts of Bt plants on collembolan communities have also been evaluated for transgenic Bt corn and Bt cotton. Many studies have showed that Bt corn or Bt cotton do not pose a signiÞcant risk to the nontarget collembolan communities or species in dry crop Þelds. At the same time, impacts of transgenic Bt crops on other nontarget organisms have been examined for corn, cotton, and potato crop ecosystems. The overwhelming majority of those studies concluded that Bt plants had no signiÞcantly impact on growth, development, abundance, and diversity of the nontarget organisms that have been studied (Sims and Martin 1997; Yu et al. 1997 , Al-Deeb et al. 2003 , CandolÞ et al. 2004 , Bitzer et al. 2005 , Dively 2005 , Huang 2005 , Naranjo 2005 , Clark and Coats 2006 , GrifÞths et al. 2006 , Heckmann et al. 2006 , Debeljak et al. 2007 , de Vaußeury et al. 2007 , Zwahlen et al. 2007 , Wolfenbarger et al. 2008 .
In summary, this study and past studies suggest that Bt-Cry1Ab rice is relatively safe to collembolan communities in the rice Þelds, at least in the short term. It should be noted that insect-resistant genetically modiÞed rice has not been commercialized in China that cause most of the studies on risk assessment of lepidopteran-active Bt transgenic rice to nontarget organisms were relied on small Þeld plot experiments. Results generated from small plot trials may not reßect the real rice ecosystem. More research is needed to understand the impacts of long-term and large-scale planting of Bt rice on nontarget organisms, including the collembolan communities. 
